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RESEARCHMEMORANDUM
WEIGET-~OWANDTHFUSTLIMITATIONSDIETOUSEOF
ROTATINGCOMBUSTORSINA TUK130JE!I’NGINE
ByErwinA. Lezberg,PerryL.Blackshear,Jr.,
andWarrenD.Rayle
Recentresearchonhigh-energyfuelsindicatesthatthosecontain-
ingboronwe amongthemcmtpromising.Twoconsequencesofthisfact
thatmayinfluencefutureenginede’signare: (1)Exhaustproductsmay
be expectedto adhereto stationarypsrtsbutnotto rotatingpats.
(2)Reactivityoffuelishigh,permittingsmallcombustors.Thispaper
suggestsan engineconfigurationthatisintendedtominimizethediffi-
cultycausedby (1)andexploit(2). Intheenginesuggefied,onestage
ofthecompressor,thecotiustor,andtheturbinesrecotiinedina
singlerotatingunitresemblinga nestofrotatingramjets.
Componentefficienciesof suchan engineareassigned,anditsper-
formanceiscomparedwiththatof a single-stageturbinengine.The
rotating-combustorunitpasseslowerweightfl?wsandgivesless”thrust
perunitfrentalareathantieconventionalturbojetengine.At ti
I@chnumbersof1.5andless,thethrustoftherotating-combustoren-
@.neisinferiortothatoftheturbojetby 28percentormore. At
Machnumbersof 2.3andpresumablyabove,thisthrustclifferencebe-
ccmeslessthan12percent.Thespecificfuelconsumptionis somewhat
higherthanthatfortheconventionalturbojetengineoverthelower
rangeof compressionratios.
INTRODUCTION
Theuseoffuelshavinghigherheatingvaluesthanhydrocarbonsto
increasetheperformanceof-jet~poweredaficrafthasbea-exsmined(refs.
1 and2)andapp”earsprauising~b theseinvestigations,thehigh-ener~
fuelshavebeenappliedto enginetypesoriginallydesignedforusewith
hydrocarbonfuels.Scmeofthesefuelscontainboron(ref.3)and,
hence,formliquidor,solidproductson caibustionwithsir. Boronoxide
.—. ._— _
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maybe expectedto depo~itextensivelyon stationarysurfacesinturbo- -,
jeten@nes,suchas combustorJ*ngs, statorblades,andexhaust
nozzles.Thereisreasontobelievethathighcentrifugalforces,such 1
asarefoundonrotorblades,willhelpmaintaincleansurfaces(unpub-
lishedNACAdata).
Thehighreactivi~ofthehigh-energyfuels,someofwhichhave
flamespeedsintheorderof100timesthatofhydrocarbons(ref.4),
suggeststhatreductionsincanbustorvolumemightbe achieved.An en-
ghe havingrotatingcmibustorpassages,whichcouldtie advantageof CnUY
weightsavingsdueto shortercmbustors,hasbeensuggestedandis shown am
schematicallyinfigure1. Theen@nemaybe consideredasa turbojet
engineinwhichthelastcompressorstage,thecombustors,andthetur-
binearereplacedby a singlerotatingunitconsistingofa diffuser
cascade,cmnbustorpassages,andreactionozzles.Statorsdownstream
oftherotorremoveetitwhirlwhennecessary.
. Theengine,withoutprecom_&ession,mightbe viewedasa nestof
rotatingramjetswithonlyenoughexitwhirltobalancefrictionlosses. ,’
IfbladerelativeMachnunbersontheorderof 1.5to3 couldbe achieved,
compressionratiosand,hence,cycleefficienciesqualto thoseofthe u
conventionalturbojetenginecouldbe obtainedintheory.Sincecurrent
turbinebladeorrotorstressIimitatimsprecludesuchspeeds,staged
compressiona d,therefore,whirlintherotorexhaustgasesareneces-
saryforacceptablecompressionratios.
In theanalysisthatfollows,componentefficienciesareassigned
theengineoffigure1;andweightflow,thrust,andspecificfuelcon-
su@tionarecalculated.Theseresultsarecomparedtothoseofa
single-stageair-cooledturbinenginehavingcmparablecomponent
efficiencies.
Theasswptionismadefortherotojethattheccxnbustorpassage
wallsarekeptcoolby stratificationofairandcombustionproducts.
Coolinglossesarenotchargedto therotojet,butarechargedtothe
turbojetwheresuchstratificationis impossible.
Thecomparisonbetweentherotojetandturbojetenginesismade
overa f13.ghtMachnmber rangeofzeroto 2.3andat turbine-inlettem-
peraturesof 2500°and3500°R.
Theideaof utilizingcentrifugalforcestokeepcouibustorsurfaces
freeof oxidedepositshasbeeninformallydiscussedinthehigh-energy 7
fuelsfieldforyears.Thereactionturbinedatesbackto theGreek
aeolipilewhichamtedatesHero~sturbineof 130 B.C. Inmdern times,
Nernst,Lorin,anda hostofothershaveproposedenginesinvolvingreac- o
tionturbines,in someofwhichcoribustorsrevolved.Inthepresentwork,
theancientdesignis csrriedto m extremeinflowperunitfrontalarea.
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SYMBOLS
srea, sqft
turbinetipfrontslsrea,sqft
stagnationsoundspeed,~=, ft~sec
flameholderd agcoefficient,(p;- p;)/q
exhaust-nozzlevelocitycoefficient
specificheatat constsmtpressure,Btu/(lb)(%)
work,ft-lb/lb‘
enginethrust,lb
accelerationdueto gravity,32.2ft/sec2
lowerheatingvalueoffuel,Btu/lb
mechanicalequivalentofheat,778.2ft-lb/Btu
ratioof specificheats
.
Machtier relativetorotorblades
flightMachnuniber
absolutepressure,lb/sqft
mcheti, pgV2/2g,lb/sqft
gasconstant,53.3ft-lb/(lb)(%)
hub-tipradiusratio
specific
absolute
—.——_____
fuelconsumption,lb/(hr)(lb)
temperature,%
.. . . . .—
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bladevelocity,ft/see
absolutegasvelocity,ft/sec
relativegasvelocity,ft/sec
weight-flowrate,l.b/sec
reaction-nozzle-jetangle,deg
ratioof stagnationpressuretoIIACAstan~d sea-levelpressure
of 2116lb/sqft
efficiency
ratioof stagnationtemperaturetoNACAstandardsea-leveltemper-
atureof518.7°R
density,lb/cuft
bladecentrifugalstress,psi
bladestresstaperfactor
Ehibscripts:
a
an
B
b
c
ca
g
i
J
m
n
T
annular
combustor
bladematerial
compressor
coolingair
gas
ideal
jet
meanradius
reactionozzle
turbine
NACA
u
. x
o
1
2
3
3a
4
5
6
?,
.
5
tangentialcomponent
-al component
freestream
compressorinlet
compressordischarge
planeofflameholder
combustorexit
downstreamofreactionozzleat statorillletj turbinerotorinlet -
rotojetstatorexit;turbine
exhaust-nozzleinlet
Superscripts:
1 stagnation
w stagnation
staterelativeto
staterelativeto
rotorexit
stationarycoordinates
rotatingcoordinates
ANALYSIS
Therotating-combustorengine(rotojet)usedforthisanalysisis
shownschematicallyinfigure1. A-single-stageturbinen@ne-employ-
ingturbinecoolingisusedforcomparison(fig.2).
StressLimitations
Forbothturbojetandrotojetengines,thestressattherotorblade
rootswaslimitedto 44,000psi. Thisvalueisthestress-rupturelimit
forS-816alloyfor100-hourlifeanda bladeroottemperatureof about
1300°F takenwithoutsafetyfactor(ref.5). Fortherotojet,this
bladetemperaturewasassumedtobe achievablewithtemperaturestrati-
fication.Fortheturbojet,convection-cooledstatorsandrotorswere
assumedwithcooling-tirequirementsof5 percentofthetotalairflow
fora turbine-inlettotaltemperatieof 2500°R and15percentofthe
totalairflowfora temperatureof 3500°R. The2500°R temperature
representsanoperatingtemperatureachievableatpresentwithturbine
cooling.The3500°R temperaturewastakenasanextremecaseto illus-
tratethemaximumgainspossibleiftemperaturestratificationisused
successfullyforcoolingtherotorblades.
.. _- .-. . . . __ ___
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Themeanbladespeedwascalculatedfromthefollowingequation
(takenfromref.6)fora hub-tipradiusratioof0.5,a bladedensity
of490poundspercubicfoot,anda bladetaperfactorof0.69:
rh
l+—rt
Um=y (1)
AssumptionsandRangeofAnslysis
Thefollowingassumptionsweremadeforbothengines:
(1)Constantlyvariableinletandnozzlegeometryforon-design
operation
(2)
(3)
(4)
(5)
(6)
(7)
(8)
Sp~cificheatat-constantpressureCp= 0.24Btu/(lb)(OR)
CompressoradiabaticefficiencyqC= q:-=0.85
TurbineadiabaticefficiencyTIT= vn= 0.85
CouibustionefficiencyqB= 0.95
hwer heatingvalueoffuel ~= 18,9C0Btu/lb
Exhaust-nozzlevelocitycoefficient~ = 0.95
Inlettotal-pressurerecoveriesof0.95forsubsonicoperation,
andtheoreticalv%luesfordmible-an@e-coneinletforsupersonic
operation
Followingistherangeoftheanalysis:
(1)FlightMachnunber~=0 at sealevel
(2)FlightMachnumiber~ = 0.9,1.5,and2.3attropopause
(3)Tutdne-imletotaltemperatiesof 2500°and3500°R
(4)Turbinehub-tipradiusratio r~rt = 0.5,andtipspeedof
1263ft/sec
— -- ——
—— .—
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Machtiers downstreamofrotor
forrotojet,0.7forturbojet
RotojetAnalysisMethods
.
7
M4,x =0.6, 0.7,0.8,
Weightflowandwork.- Theweight-fluwlimitationsoftherotojet
calculatedfromthefollowingequationandassumedvaluesof @al
numberdownstreamoftheturbinerotoraadangleofreaction-nozzle
*
(2)
derivationofequation(2)isgiveninappentixA.) Thecorrected
weightflowintermsofthestagnationconditionsatthecompressorin-
letandtheturbinerotorfrontalareaisthengivenby
‘a4% waa~
AF~ ‘~
dwhere p“pi istheengine
% fi[’-wl,’ (3)
total-pressureratio,and T~/T~ istheen-
ginetotal-temperatureratio.
ThelTOrkofthereactiontibineisgivenby
‘“%=%-?
By equatingtheturbineworkto thecompressorwork,thecompressor
total-pressureratiorelativeto therotorisdetermined:
k
P;
()
E&lt +1-
~=
“p Ti /
(4)
(5)
—
-——- — —. _—————
NACARM E55KL6
where11~is definedby
(Equations(4) and(5)arederivedin appendix
Enainelosses.- Combustortotal-Dressure
A.) .
lossesrelativeto the
rotorweredeterminedby ditidingthelossesintoa momentumpressure
lossfromstations3 to 3aanda flameholderd a&lossfromstations2
to 3. Thelfachnunberattheconibustorexit M% wasdeterminedfrom
theMachnumberofthejet M4 andtheisentropicareachangefunctions.
Thecouibustortotal-temperatureratiowasdeterminedfromtheassumed h
vslueofreaction-nozzle-inlettotaltemperatureandthetotaltemperature
atthecompressoroutletrelativetotherotor,whichisfoundfrom
.,
u:
T;=T~+AT’c
-—.Ti+~”2gJ~ c (6)
MomentumpressurelossesandtheMachnuniberattheplaneofthe
flamehol~werecalculatedwiththeRayleighlinerelations.Flame-
holderdraglosseswerecalculatedlyassuming~ = 4q andwritingan
approximateequationforthetotal-pressureratioacrosstheflameholder
intermsoftheMachnumiberat station3:
%+L (7)
Thetotsl-pressurelossesinanddownstreamoftherotatingreaction
nozzlesandinthestatorstagefollowingwerelumpedtogetherintoa
total-pressureefficiency.Thestatorstagewasassumedto completely
recoverthewhirlenergy.
Thetotal-pressureratioacrossthereactionozzlewasassumedto
be a functiononlyofthestatic-pressureratioacrossthenozzlesand
thenozzleefficiency:
“
.————
. —.———-—
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(Equations(7)and(8)me derivedinappen& B.)
Performanceparameters.- Forcompletexpansion
pressureat station6 to anibients aticpressure,the
givenby
1-
9
(8)
fromthetotal
jetvelocityis
(9)
CorrectedthrustF/A#5 isthenequaltotheproductof corrected
weightflow Wa@/AFb andcorrectedimpulse(Vj- Vo)/g’@,when 5
and f3havetheirusualsignificanceand V. iSthefM.@t speed.
Specificfuelconsumptionisdeterminedfrom
(lo)
TurbojetAnalysisMetho&s
Fortheturbojetengineusedforcomparisonwiththerotojet,a
turbineoperatingatlimitingloading”isa sumed,withtheturbinedeter-
miningthemassflowthroughtheengine.An exitcriticalvelocityratio
of0.7isassumedforthetmbineasthevalueforlimitingloading(ref.
7). Thetangentialcomponentof velocitydownstreamoftheturbinerotor
isassumedequslto zeroforallvaluesofthechangeoftangentialve-
locityacrosstherotorequalto orgreaterthantwicethebladespeed.
Thechangeintangentialvelocitywasallowedto incressebeyondthis
value,buttheexit-whirlkineticenergy
Weightflowandwork.
therelationsdevelopedin
- Theturbine
reference8:
‘a “$=‘gac an
wasnotconsideredrecoverable.
weightflowwascalculatedwith
Pgvx (I-1)
. . —— —.—z -... — -— .
10
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(12)
andthecriticalvelocitya& isdefinedas
‘W’== ‘ (13)
JThe valueof V a& was~“sumedconstantat0.7,andvaluesof
vu/a& werecalcti-atedforassumedvaluesofthecompressortotal-
pressureratiofromtheturbinevelocitydiagramandtheNer work
equation.
Theturbineworkintermsof compressortotal-pressureratiois
where wc~wa istheturbinecooling-airratio.
There@ed changeinthetangentialcomponent
theturbinerotorisgivenby theEulerequation:
1-1 (14)
ofvelocityacross
When VU,5 hasvaluesotherthan-zero,
%,5 =%&
Then Vu/a& can
theturbine-inlet
vu,5)
- 2um
be determinedfromequations(13),
totaltemperatureT&.
(15)
(16)
(14),and(16)and
NACAl?ME55KL6
Equation(11)
temperatureatthe
@J’mq@&&> u.
can%e rewrittenintermsofthetotalpressureand
turbinerotorexitandtheturbinefrontal.area:
—
—=gi?k==‘a’l/Ts%’% 2()1rh1-7. t (17)
At thecompressorinlet,theweightflowcanbe rewritteninterms
ofthetotal-t”emperatureand-pressureratiosthroughtheengine:
Substituting
equivalentweight
(18)
@~= _ and b,= pi/2U6 @ves ‘he
flow:
(19)
Enginelosses.- Conibustortotal-pressurelossesweredeterminedly
a trisl-and-errors lutionusinga plotof cotiustorreferencevelocity
againstotal-pressureratioacrossthecouibustor( ef.9). Preference
velocitywasassumedandtheconibustortotal-pressureratiosubstituted
inequation(19)to determinean equivalentweightflow.A newrefer-
encevelocitywasthencalculatedandthe
furtherchangein wa@~AF~ resulted.
Theturbinetotal-pressureratiowas
forturbineadiabaticefficiency:
processcontinueduntilno
calculatedfromtheequation
(20)
Lossesdueto coolingairfortheturbineweretreated”byassuming ‘
thecoolingatiasbypassedaroundtheturbine.A largerturbinework
termwasthereforerequiredforeachyoundof compressorairflow. The
coolingairwasassumedtobe dumpeddownstreamoftheturbineatthe
totalpressureofthemaingasstreamandatthecompressor-outlettotal
temperature.
-- .—-_—_ _.
.——
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Theincreaseinmassflowdueto fueladditionwasneglected.
Theenginetotal-pressureratioandexhaust-nozzle-inlettotaltem-
peraturewerecorrectedforwhirllossesattheturbineoutletby credit-
ingthesequantitiestiththesd.al-velocitycomponentonly.-
Theengine-inlettotal-pressureratioandexhaust-nozzlevelocity
coefficientwerethesameforlothengines.Theperformanceparameters
were calculatedinthesamemannerasfortherotojeten~ne.
EffectofReaction-Nozzle-JetAngleonRotojetCompressionRatio
Theeffectofreaction-nozzle-jetangleonrotojetcompressionratio
is showninfigure3 fora turbine-inlettotaltemperatureof 2500°R for
a varietyofturbine--taxialMachmmibersandflightMachnumbers.
Exittial Machnuiberhasa smalleffectonattainablecompressionratio.
Thepressureratioattainablegoesup sharplyasreaction-nozzle-jetan-
gleapproachesthetangential.(Thisincreaseinpressureratiois at
theexpenseofthrough-flow,aswillbeshownsubse~ently.)
EffectofTurbine-EdtAxialMachNumberonRotojetPerformance
CalculationswereperformedintherotojetanalysisforaxialMach
numbersdownstreamofthereactionturbineran@ngfrom0.6to 1.0. The
effectof varyingtheaxial.Machnuniberonthespecificfuelconsumption,
correctedthrust,andcorrectedweightflowasfunctionsof compressor
total-pressureratiofortherotojetat a flightMachnumberof1.5and
a turbine-inlettotaltemperatureof 2500°R is showninfigure4. The
specificfuelconsumptionis verylittleaffectedby thevariationsin
@al Machnumberdownstreamoftheturbine.Althoughcorrectedthrust
andweightflowmaximizeatanaxialMachnunberof0.8jthechangeover
theconventionalLimitingaxialMachnumberof0.7employed
analysesis sosmallthat,forthesakeof consistency,the
followarerestrictedto turbine-exitaxial.Machnwibersof
ComparisonofRotojetandTurbojetPerformance
inturbojet
datathat
0.7.
Turbine-inlettemperatureof 2500°R. - Specificfuelconsumption,
correctedthrust,andcorrectedweightflowareplottedagainstcompres-
sortotal-pressureratiofortherotojetandtheturbojetat fourdif-
ferentflight-conditionsi figure5. Thecompressionratiosarerelated
toreaction-nozzle-jetangleby figure3. Compressor-outlettotalpres-
sureandturbine-inlettotaltemperaturearetakenwithrespecto the
rotatingcotiustorwallsfortherotojetandwithrespecto stationary
coordinatesfortheturbojet.Thismeansthatthestatic~ssure at
r
b
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whichheatis addedis approximatelythesameinIxrbhengines;hence,
. thetwoengineshavealmostthesamethermodynamiccycle.
Forallflightconditionsandcompressionratioscovered,thethrust
andweightflowarehigherfortheturbojethanfortherotojeten@.ne.
Specificfuelconsumptionfortheturbojetisslightlylowerforthe
lowerrangeof compressionratios.Theturbojetshowshigherspecific
fuelconsun@ionathighercompressionratios.Totherightofthe
verticaldash-dotlinesinthefigures,thetangentialcomponentof
thetwbinenozzlevelocityintheturbojetexceedstwicethemeanblade
speed,andtheresidualvelocityappearsaswhirlandis consideredto
be unavailableforproducingthrust.Thefactorscontributingto these
differencesare(1)differencesin cotiustortotal-pressurelossesbe-
tweenthetwoengines,(2)theeffectsofbypassingcoolingairinthe
turbojet,ad (3)whirllossesfortheturbojetathighercompression
ratiosduetotheunfavorableratioof jetvelocitytobladespeed.
Thethrustoftherotojeten@ne approachesthatoftheturbojet
atthelowercompressionratiosandhighestflightspeed.
Turbine-inlettemperatureof 35CX)-0R. - Rotojetandturbojetper-
formanceiscompsredoverthesamerangeofflightMachnuribersandalt-
itudesata turbine-inlettemperatureof 3500°R infigure6. There-
sultsaresubstantiallythesameasforthe2500°R turbine-inlettem-
perature.Thebladetemperaturesfortherotojetareassumedtoremain
at a maximumof1300°F by temperaturestratificationalone.Thecom-
parisonservesonlyto showthegainsthatwouldresultiftemperature
stratificationcouldbe achieved.
PerformanceofFixed-GeometryRotojetEngine
AthighflightMachnumbers,the-thrustandweightflowoftheroto-
jetmaximizeatfairlylowcompressionratios.Thisfactindicatesthat
anenginehavinganacceptablecompressionratiomightbe designedwitha
singletransonicompressorstageprecedingtherotordiffusercascade.
Thefixed-geometryperformanceforrotojetenginesdesignedfor
flightMachnumbersofO to 2.3andturbine-inlettemperaturesof 2500°
and3500°R wasdetermined,andtheresultsarepresentedinfigure7.
Heretheangleofthereaction-nozzlejetwiththedirectionofrotation
washeldconstantatthevaluefor-mum thrustatthedesignMachnum-
ber,andthevaluesofweightflowamdcompressionratioweredetermined
atthisbladeanglefortheotherflightconditions.Thevaluesof
weightflowforoff-designperformcearenowherefsxfromtheirpeak
values.Thecurvespresentedinfigure7 correspondto constant-
rotational-speedoperatinglinesona compressormapandindicatethat
matchingwillnotbe a problem.
.
——.——..—.—— ———
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DISCUSSION
Therotojetperformancealculationsarecontingenton component
efficienciesthatwouldhaveto resultfroma fairlysubstantialde-
velopmentprogramandthesatisfactoryapplicationftemperaturestrati-
ficationforkeepingthebladescool.Ifthecomponentscanbemadeto
perfozmasassmned,thereseemstobe a rangeofapplicationforan en-
ginesimilartotheconfigurationdiscussedhere,forhighflightMach
numbersandmoderatelyhighturbine-inlettempemtures.
.
Thepracticabilityof sucha unitdependsonwhethera rotating-
combustorunitcouldbe constructedtowithstandthehighstressvalue
assumedwithoutprohibitivew ights.Anotherproblemthatwouldbe en-
counteredinthedevelopmentof caibustor~ssagesoperatingat high
centrifugalload3ngswouldbe theintroductiona ddistributiorifa
liquidfuel. Thefuelwouldhavetobe introducedsothatitwouldnot
wetthewallstopreventfueldecompositionandburnnnoffthemetal
surfaces.Itappearsthatmixingwouldbe prmotedby thehighcen-
trifugalfieldspresent,butsecon~ flowsmightcauseappreciable
losses.Thesearequestionsthatcanbestbe answeredexperimentally.
Evenif theseproblemscouldbe solvedsatisfactorily,theattractive-
nessofsucha unitdiminishesconsiderablyif thehigh-energyfuels
canbe usedsuccessfullyin conventionalturbojetenginesforprolonged
periods.
CONCLUSIONS
An en@nethatreplacesa compressorstage,canbustors,andturb-
ine ofa conventionalturbinenginewitha singlerotatingunitwas
comparedwitha turbojetengineovera rangeof operatingconditionsand
designparameters.Theturbojetshowshigherairflowandhigherthrust
overtherangeof conditionscovered.Specificfuelconsumptionfthe
rotijet is somewhathigherthanthatoftheturbojetatthelowercom-
pressionratios.At allMachnwibersof1.5andlower,thethrustof
therotojetisinferiortothatoftheturbojetby 28percentormore.
AtMachnumbersof 2.3andpresumablyabove,thisthrustclifference
becomeslessthanU?percent.
LewisFlightPropulsionlaboratory
NationalAdvisoryCommitteeforAeronautics
Cleveland,Ohio,Novetier21,1955
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APPENDIXA \
CALCULATIONFROTOJE’I!WEIGHT-FLOWANDWORKP~
Thevelocitydiagramfortherotojetis showninthefollowing
sketch,“whereV2 istheabsolutevelocityfromthelastcompressor
statorstag%and V4 istheabsolutevelocityleavingthereaction
nozzles:
‘m
15
Theweightflowofairatanystationisgivenby
‘a = p~v [m)
At station4, downstreamofthereactionozzles,theweightflowis de-
terminedlyspecifyingtheaxialcomponentofthejetvelocity&andthe
angleofthejetwiththedirectionofrotation.ThejetvelCv3itybe-
comes
,.
W4 ~ .
W4 = sinp (A2)
If & representstheturbineannulusarea,& sin~ isthejetmea
takenat90°to thestreamdirection.lhomequation(Al),
.<
W4 x
‘a = ~g,4%ulsin$~sinp
.
.,
(M)
————.
16
Interms
temperature,
~T NACARM E55KL6
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ofMachnunberandstagnationvaluesfordensityand
Substituting
give
[A4)
P:= P“/m” andsolvingfortheweight-flowparsmeter
waa~ @%nY4,x
~= k+l
(
,M~xm
1++
sin2@‘)
(2)
Sinceflowthroughthenozzlesisassumedadiabatic,theweightflowof
airfor1 squarefootofturbineannulusareabecomes
k@4 x
k+l
(
m
1 @,x1++
)sin2j3
(A5)
Fromthework
theturbinework:
equation,thenetchangeintangentialmomentumequals
%=; (W4Cosp -W2 CosJ3) (A6)
where W2 isthevelocityrelativeto therotoratthecompressorexit,
and W4 istheveloci~relativeto therotorattheturbinexit.For
simplici~,theangle~ isheldthesameforbothinletandoutlet.
Equatingtheworkof compressiontotheturbinework,
urn ‘
Ec = J~ (T;- Ti)== (W4Cosp -W2 Cosp) (A7)
‘“—lj#%@@Nxm
—
—.——. .
3C
.
.
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Thestagnationtemperatureat station2 withrespecto statio~
coordinatesi givenby
V$
T; = T2 + 2@h
where
(A8)
V;=w; sin% +(um-W2 Cos p)%; sin2p+u:-2umw2Cosp+w; Coszp
Thestagnation
dinatesis givenhy
temperateat station2
w;
T;= T2-F— 2gJ~
(A9)
relativetorotatingcoor-
(Alo)
Subtractingequation(AIO) from(A8)andsubstitutingthevalueof V;
in (A9)give
f - 2umw2Cos$
T;
-T;=
2gJ~ (Au)
Stice(T;- T~)= (T;- T~)+ (T; - T;), theexpressionforthe
compressorworkfromequation(A7)becomes
Um
= ~ (W4Cosp - w~ Cosp)
(A12)
Theworkof compressionfromstation1 relativetothecasingto station
2 (relativetotherotatingconibustors) i foundby simplifyingequation
(A12)asfollows:
uEl =
( )
%
c
Jc(Tn-T~)=: W4COS~-~p2 (A13)
WritingW4 intermsoftheaxialMachnuntwrat station4 andstagna-
tionsoundspeedyields
,
.— —. ——_—-_—
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M4 x
W4 = ~in’p
&
2
2
By substitutingW4 in equation(A13)andassuming
NACARM E55KL6
(A14)
adiabaticflowin
thenozzles,theturbineworkparameterisdetermined:)Um.—2
Thecompressortotal-pressureratioisrelatedto thecompressor
workby
l
(A15)
.
———. . ——
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APPENDIXB
MACULATIONOFROTOJETOTAL-PRESSURELOSSES
Theflameholderd aglossesaredeterminedby sssumingthatthe
total-pressuredropisequalto4 timesthevelocityheadandsolving
intermsoftheMachnumberat station3 (relativetorotating
coordinates): “
P; - p: . 4q
where
k
[(
k
)]
E
q
-}M;
=P; -P2=P2 1+ 2 -1
Substitutingfor q in equation(Bl)gives
. k
[(P; -P~=4P2 1+
‘=1-41-GA
ExpandingtheMachnumberfunctionfor
1
k
Su’’stitutingequation(B3)yields
k = 1.4,
&l
- o.m~
.
19
(Bl)
(B2)
(B3)
(M)
(B5)
__. —_—_. .—-. — — —
—
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.
Ikomthecontinuityequationfor M2<<1,
and
Equation(B5)nowbecomes
solving thequadraticfor p~p~~ the~ression
ratioacrosstheflameholderis
p;g~-l
$ 5.6M:
NACARM E55KL6
(E6)
forthetotal-pressure
(7)
Foranadiabaticex@nsion,therelationbetweentotal-andstatic-
pressureratiosis givenby .
and,sinceT~ = Tm%y
and
(B7)
(B8)
— .— —
..
%
m
CD
NACARME55KL6
Foran expansionthroughthereactionturbinewithlosses,
where
give
Combiningequations(B?)
thetotal-pressureratio
and(B8)andwstitutingin
acrosstheturbinenozzles:
k-1
.T
21
(B9)
equation(B9)
(8)
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